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Differences in vascular reactivity in models of ischemic acute
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Differences in vascular reactivity in models of ischemic acute renal
failure. To determine the mechanism of observed differences in vasore-
activity in norepinephrine-induced (NE) and renal artery clamp (RAC)
models of ischemic acute renal failure (ARF), induction renal blood
flow (RBF) was measured and vascular reactivity examined one week
thereafter in NE- and RAC-ARF rat kidneys that had identical levels of
renal dysfunction. Morphology also was compared at 48 hours and one
week. In NE-ARF, RBF was 14% during 90 minutes of induction and by
60 minutes post-NE infusion was only 18% of baseline. In contrast, in
RAC-ARF RBF was effectively 0 for 75 minutes but returned to 95% of
baseline by 60 minutes after clamp release. At one week there was a
paradoxical increase in renovascular resistance (RVR) to renal perfu-
sion pressure (RPP) reduction in the autoregulatory range and an
augmented vasoconstnction to renal nerve stimulation (RNS) in NE-
ARF, but no change in RVR and minimal reduction in RBF to these
same respective stimuli in RAC-ARF (both different at P < 0.001).
NE-ARF were more sensitive to intrarenal norepinephrine than RAC-
ARF kidneys (P < 0.001). Neither NE- nor RAC-ARF kidneys re-
sponded to endothelium-dependent acetyicholine (ACh). Vasodilation
to endothelium-independent prostacyclin (PGI2) in NE- was similar to
sham-ARF, but there was an attenuated response in RAC-ARF kidneys
(P <0.001). Morphology at 48 hours showed smooth muscle necrosis in
half of the resistance vessels in RAC- but in <10% of those in NE-ARF.
Except for a slightly greater frequency of tubular casts at 48 hours in
RAC-ARF, tubular injury was indistinguishable. It is concluded that
NE-ARF has evidence of a predominant functional endothelial vascular
injury while RAC-ARF has both morphologic and functional evidence
of a predominant smooth muscle injury. Differences in vascular injury
between the two models, at least in part, may be the consequence of
differences in severity of initial ischemia and/or the rates of recovery of
RBF; however, an additional or separate toxic effect of infused NE
cannot be excluded.
Abnormalities of renovascular reactivity that may adversely
affect recovery have been observed in the maintenance phase of
ischemic acute renal failure in animal models [1—5]. The most
commonly noted aberration of renovascular function has been
loss of autoregulation of renal blood flow. Impaired autoregu-
lation was noted by Adams et al [1] and Williams et al [2] 18 to
28 hours following 90 minutes of renal artery clamping (RAC) in
dogs, and by Matthys and associates [3] two and seven days
after 40 minute RAC in rats. Using a different ischemic ARF
induction method in rats, 90-minute intrarenal norepinephrine
Received for publication April 9, 1990
and in revised form December 26, 1990
Accepted for publication January 25, 1991
© 1991 by the International Society of Nephrology
(NE) infusion, Conger [4] also found significant declines in RBF
with reductions in renal perfusion pressure (RPP) in the auto-
regulatory range at seven days. While all of these ARF models
shared the common finding of loss of RBF autoregulation, there
were marked differences in the patterns of change in renovas-
cular resistance (RVR) with RPP reduction when comparing
those with RAC to that with NE induction. In kidneys in which
ARF had been induced with RAC, there was virtually no
change in RVR; however, in the kidneys with NE induction,
there was a paradoxical increase in RVR over a similar range of
RPP decline. These differences in RVR responses may have
been due to a number of factors, including differences in the
magnitude of renal dysfunction. On the other hand, since the
primary difference was the induction method, it was possible
that the different responses to changes in RPP in the mainte-
nance phase of ARF were the consequence of quantitative and
qualitative differences in vascular injury due to differences in
the severity of initial ischemia or post-ischemic reflow in the
arterial vessels. Intrarenal NE infusion may have produced less
severe ischemia to the renal vasculature causing a predominant
endothelial injury, leaving smooth muscle relatively intact. This
injury would result in loss of endothelium-derived relaxing
factor (EDRF) activity, limiting vasodilator response, but in-
creasing sensitivity to vasoconstrictor stimuli as has been
shown in studies of endothelial injury in the coronary and
pulmonary circulations [6, 7]. In contrast, RA clamping may
have caused more severe ischemia to the renal vasculature
resulting in both endothelial and smooth muscle injury. As a
consequence, there would be a loss of response to all vasomo-
tor stimuli. An alternate, or related, possibility is that post-
induction reperfusion patterns were different and that a poten-
tially more severe vascular injury occurred in the RAC model as
the result of more rapid recovery of RBF creating conditions for
shear stress [8] or enhanced oxidant damage [9].
To examine the hypothesis that different blood flow patterns
during and following ischemic ARF induction cause differing
vascular injuries, NE and RAC ischemic ARF models were
prepared that had similar maintenance phase reductions in renal
function and similar morphologic evidence of tubular injury.
Renal blood flows were measured during and after induction.
Comparative renovascular reactivity, including RBF responses
to RPP reduction, renal nerve stimulation (RNS), intrarenal
vasoconstrictor and EDRF-dependent and -independent vaso-
dilator agents was determined at one week. In addition, vascu-
lar morphology was compared at 48 hours and at one week in
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order to detect differences in endothelial and smooth muscle
injury in the two ischemic ARF models.
Methods
Acute renal failure was induced by intrarenal NE infusion
(NE-ARF) or RA clamping (RAC-ARF) in adult Sprague-
Dawley rats (250 to 300 g) that had undergone right nephrec-
tomy under light methoxyflurane anesthesia 10 days earlier.
The right adrenal gland and its blood supply were preserved.
Prior nephrectomy was performed because of the technical
difficulty of measuring severity of initial ischemia in two kid-
neys simultaneously and the desire to have a uremic state in the
maintenance phase assessment, In the NE-ARF group (N =36)
the left renal pedicle was exposed aseptically under pentobar-
bital anesthesia. A micropipette (OD 35 m) mounted on a
micromanipulator and attached to a motor driven syringe con-
taining NE was introduced into the renal artery. NE was
delivered at 0.6 g/kg/min for 90 minutes. The RAC-ARF
animals (N = 36) were similarly anesthetized and the left renal
pedicles exposed. Following initiation of a heparin infusion (5
UIml) into the distal aorta with a micropipette (OD 35 tm), a
vascular clamp was positioned about the renal artery at its
origin from the aorta. The clamp was tightened just sufficiently
to interrupt blood flow, as assessed by transillumination and
microscopic visualization, for 75 minutes. The major renal
nerve trunk was identified and not clamped. The clamp was
relaxed slowly over five minutes and the heparin infusion
micropipette removed from the aorta. Following ARF induction
in both groups, surgical wounds were closed and all rats
returned to individual cages. They were permitted ad libitum
water and given a low potassium diet (ICN Pharmaceuticals,
Cleveland, Ohio, USA) for 72 hours and a standard rat chow
diet (Wayne Feed, Longmont, Colorado, USA) thereafter. A
third group of previously uninephrectomized rats served as
sham-ARF controls (N = 36). They underwent pentobarbital
anesthesia and left renal pedicle exposure, but no ARF induc-
tion.
Renal blood flow during ARF induction
To estimate RBF during ARF induction by RA clamping total
flow from the renal vein was collected for the 75 minutes of RA
clamping in six rats. Alternate methods, such as miniature flow
probe or radiolabelled microspheres, were not sufficiently sen-
sitive or reproducible during these extreme reductions in RBF.
The rats used for estimate of induction RBF were not studied
further. Since the results were both very low and consistent, the
mean values for the six rats were assumed to be representative
for all RAC animals. In six NE-ARF and six sham-ARF rats an
electromagnetic flow probe was used to measure RBF (see
description below), since blood flow was too high for total
venous collection to be hemodynamically practical and the
method was accurate to a minimum of 0.5 ml/min. After
cessation of NE infusion or slow release of the RA clamp in
sham-ARF animals, RBF was measured by an electromagnetic
flow probe every 15 minutes for one hour and hourly thereafter
for four hours in an additional six rats in each group. These
animals also were not studied further.
Renovascular reactivity at one week
Renal function, as assessed by inulin clearance (C1), and
RBF responses to RPP reduction in the autoregulatory range, to
RNS and vasoactive agents were measured one week after
induction in separate groups of NE-, RAC- and sham-ARF rats
(each N = 6). Autoregulatory experiments were carried out as
follows: Animals were anesthetized with pentobarbital, 60
mg/kg i.p., after solid food had been withheld overnight. An
endotracheal tube was positioned and catheters were placed in
the right jugular vein and femoral artery. The left kidney was
exposed through a flank incision, supported in a lucite cup and
bathed with 37°C physiologic saline. The renal artery was
dissected bluntly from the renal vein and a catheter placed in
the ureter. Mean arterial pressure (MAP) was measured
through the right femoral artery catheter, which was connected
to an electronic transducer (P23Db; Statham Instruments, Ox-
nard, California, USA), and a direct-writing recorder (7702B;
Hewlett-Packard Co., Palo Alto, California, USA). Ringer's
lactate, containing an amount of inulin sufficient to give plasma
concentrations of 50 to 100 mg/dl, was infused at 2 mI/hr
through the jugular venous catheter. A miniature electromag-
netic flow probe (Carolina Medical Electronics, Inc., King,
North Carolina) was placed around the renal artery and at-
tached to a digital recorder. The flow probe size (2.5 to 3.0 mm)
was chosen that circumferentially fit closely about the arterial
wall by low power microscopic observation but did not alter
urine flow rate. Calibration was conducted according to the
method of Arendshorst, Finn and Gottschalk 1101. After one
hour of equilibration, blood and urine samples were collected
for measurements. Following baseline measurement of
RBF, the change in RBF to reduction in RPP in the autoregu-
latory range was measured. RPP was controlled by placing a
pliable small-gauge platinum wire clamp about the aorta above
the renal artery. Alterations in RBF were determined at RPP of
120, 110, 100, and 90mm Hg. The autoregulatory range of RBF
in the rat has previously been demonstrated to be between 140
and 90 mm Hg [111. RBF was recorded two minutes after RPP
was stabilized at each respective pressure. Measurements were
made in duplicate.
The effect of RNS on RBF was then measured. The left renal
nerve bundle was isolated near the aorta, crushed centrally and
placed over a small insulated stainless steel hook electrode for
nerve stimulation with a stimulus isolation unit (SIU5; Grass
Instrument Co., Quincy, Massachusetts, USA). The nerve
bundle was isolated by surrounding it with a Parafilm sheet for
a distance of 1 cm. Stimulator settings were as follows: Elec-
tromotive force (EMF) 3 V, duration 50 ms, delay 50 ms,
frequency of stimulation from 0 to 10 Hz at 2-Hz intervals.
Renal blood flow was recorded after two minutes of stimulation.
Renal blood flow was allowed to return to baseline between
stimulation periods. The EMF used in these experiments and
previous studies [12, 13] was submaximal. In separate rats EMF
producing maximal response was between 5 and 10 V. While
less than ideal because of uncertainty regarding completeness
of nerve fiber depolarization, the submaximal voltage was used
for the following reasons: Stimulation at maximal or supramax-
imal voltage even at low frequencies caused flow probe reading
artifacts and nerve fatiguing after more than three sequential
flow probe measurements of RBF. EMF of 3 V resulted in
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neither nerve fatigue with repetitive stimulation nor interfer-
ence with flow probe RBF measurement. While the use of
submaximal EMF represented a compromise, the consistency
of RBF readings outweighed the remote possibility of system-
atic bias of less nerve depolarization in one group versus
another.
The remaining 12 rats in the NE-, RAC- and sham-ARF
groups were prepared as described above except that a micropi-
pette (OD 35 m) was positioned in the renal artery (as during
ARF induction) for infusion of a vasoconstrictor agonist (nor-
epinephrine) and an EDRF-dependent (acetylcholine) and an
EDRF-independent vasodilator (prostacyclin). The infusion
rate for each hormone was determined by finding the minimal
dose of each agent required to elicit a detectable change in RBF
in the sham-ARF rats. This minimal dose and multiples thereof
were administered to the sham-ARF and both ARF groups to
construct dose-response curves. Baseline RBF was recorded
during physiologic saline infusion through the micropipette and
at 15 minutes after continuous infusion of each successive dose
of the respective vasoactive agent in a saline vehicle delivered
at 0.01 mllmin.
Six rats in the NE-, RAC- and sham-ARF groups were
infused with norepinephrine and six rats in each group were
sequentially given acetylcholine and prostacyclin in random
order with one hour washout between infusions. All hormone
infusions could not be given in the same animals because the
total experimental time under anesthesia was considered exces-
sive.
Vascular morphology
Immediately after completion of autoregulation and RNS
experiments in the first set and completion of RBF responses to
vasoactive hormones in the second and third sets of one week
sham-, NE- and RAC-ARF rats, the kidneys were removed,
weighed and prepared for morphologic examination. An addi-
tional six rats from each of the three groups were sacrificed 48
hours after NE-, RAC- or sham-ARF induction in order to
assess early post-ischemic morphologic changes. In preliminary
experiments, perfusion-fixation with 1% glutaraldehyde at 110
mm Hg resulted in much slower flow rates in the NE-ARF rats
than were achieved in the RAC- or sham-ARF rats. This was
accompanied by inadequate fixation of portions of the kidneys,
precluding adequate histologic evaluation. Higher perfusion
pressures resulted in marked dilatation of pre-glomerular ves-
sels, also precluding adequate evaluation. Thereafter, trans-
verse or saggital sections, 1 to 2 mm thick, were cut from the
fresh kidneys and immediately immersion fixed in 10% neutral
buffered formalin and in cacodylate buffered 4% glutaralde-
hyde. Sections 1 mm thick were consistently obtained by
clamping two, single-edge razor blades together with a hemo-
stat. Formalin fixed slices were embedded in paraffin, sectioned
at 3 microns, and stained with hematoxylin and eosin, PAS-
hematoxylin and Mallory's trichrome. Glutaraldehyde-fixed
slices were cut into 5 to 6 mm squares, post-fixed with osmium
tetroxide, sectioned at 1 jand stained for light microscopy with
1% toluidine blue with 1% sodium borate. These blocks were
then trimmed and selected areas were examined by electron
microscopy. Tissue preservation was found to be adequate for
interpretation at both the light and electron microscopic levels.
In particular, the intensely PAS-positive staining of necrotic
smooth muscle cells permitted ready recognition of necrotic
arteries and arterioles. Myonecrosis was confirmed by electron
microscopy.
Paraffin-embedded sections were reviewed blindly to quanti-
tate endothelial damage, smooth muscle necrosis and perivas-
cular changes. The percent of sequentially identified specific
arterial branches showing necrosis (from small foci to circum-
ferential necrosis of the entire profile) was determined on
PAS-stained sections. The percent of sequentially identified
arterial branches showing increased adventitial collagen was
determined on trichrome-stained sections. Specific renal arte-
rial branch categories identified were extra-renal hilar, arcuate,
large and small interlobular arteries and arterioles. Large inter-
lobular arteries were defined as vessels with two layers of
smooth muscle cells and small interlobular arteries as those
with a single layer. Both afferent and efferent were included in
the analysis of arterials.
In addition to vessel morphology, the parenchyma was also
examined blindly in the 48 hour and one week kidneys. Semi-
quantitative (0 to 3+) assessments of tubular necrosis, tubular
regeneration, calcification, tubular dilation and tubular casts
were made of NE- and RAC-ARF kidneys. The number of
nucleated cells in the vasa recta was examined at 48 hours, and
interstitial fibrosis and inflammation were examined at seven
days.
Analytical techniques and statistical analysis
Plasma and urine inulin were measured with a Technicon
autoanalyzer (Technicon Instruments Corp., Tareytown, New
York, USA). Data are expressed as means SD. C1 and RVR
were calculated by standard equations. Linear regression anal-
ysis was used to determine slopes of relationships between RBF
and RPP or RNS. Overall statistical comparisons of body
weights, C1, baseline RBF, slopes of RBF responses to RNS
and RPP reduction, changes in RVR with RPP reduction, initial
changes in RBF to vasoactive hormone infusions were made by
multi-group analysis of variance, and individual comparisons
were by Scheffe's method [14, 15]. Morphology comparisons
between NE- and RAC-ARF kidneys were performed by un-
paired t-test of mean scores of parameters examined. Compar-
isons of dose-response curves were carried out by assessing the
differences in weighted sum of squared residuals from non-
linear regression data by an F test [161.
Results
RBF during ARF induction
Renal blood flows during NE and RAC induction of ARF are
illustrated in Figure 1. In the former the mean RBF during NE
infusion was 1.0 0.1 ml/min while in the latter mean RBF was
0.001 0.001 mI/mm for the 75 minutes of clamping (P <
0.001). Induction RBF in the NE- and RAC-ARF groups were
14% and <1%, respectively, of that measured in sham-ARF
kidneys (8.02 0.60 mI/mm). Thus, the severity of induction
ischemia, as estimated by the magnitude of RBF reduction, was
greater in the RAC- than NE-ARF group.
Fifteen minutes after clamp release RBF was 85 8%, and
by 60 minutes was 95 4% of that in sham-ARF kidneys. In
contrast RBF in NE-ARF kidneys after stopping infusion was
15 3% at 15 minutes and 18 3% at 60 minutes compared to
1090 Conger et al: Vascular injury in ischemic ARF8
2
•0
I -
D____a__J_O
0 --
0 1 2 3 4 5
Time, hours
Fig. 1. Renal blood flows during and immediately after induction in
ARF and in time-control sham-ARF rats. Asterisks refer to time of
clamp release and cessation of norepinephrine infusion. Symbols are:
(+) sham-ARF; (- -E- -) NE-ARF; (A- -) RAC-ARF.
sham-ARF kidneys. The differences in RBF in the ARF kidneys
were significant at P < 0.001. At four hours, when measure-
ments were stopped, RBF was 99 10% in RAC-ARF and 38
6% in NE-ARF compared to the corresponding mean in
sham-ARF kidneys. The difference remained significant be-
tween the ARF groups at P < 0.001.
RBF responses to RPP reduction and RNS at one week
Inulin clearances in NE- and RAC-ARF rats subjected to
autoregulation and RNS experiments were not different at 0.346
0.116 and 0.319 0.088 mllmin, respectively. In sham-ARF
kidneys C was 1.227 0.119 mi/mm which was greater than
that in either of the ARF groups (P < 0.001). Respective kidney
weights were 2.21 0.46, 2.40 0.37 and 1.34 0.29 gin NE-
RAC- and sham-ARF rats. The last value was less at P < 0.02.
The differences in group kidney weights were due to increased
kidney water in the ARF kidneys as was determined previously
by comparisons with dry weights of ARF and control kidneys
[171.
Baseline RBF were similar in all three groups: 8.60 0.80 in
sham-ARF, 8.00 0.70 in NE-ARF and 8.65 0.99 mI/mm in
RAC-ARF kidneys. However, the slopes of RBF to RPP
reduction were different (Fig. 2). In sham-ARF kidneys mean
slope was 0.04 0.02 mI/mm/mm Hg. In the NE-ARF group it
was 0.18 0.02 and in the RAC-ARF group it was 0.08 0.01
mi/mm/mm Hg. The latter two slopes were substantially dif-
ferent from each other (P < 0.001). In addition, both NE- and
RAC-ARF slopes were greater than that in sham-ARF kidneys
(P <0.001 and P < 0.02, respectively).
The corresponding changes in RVR with RPP reduction from
120 to 90 mm Hg are shown in Figure 3. Mean RVR fell by 2.01
0.35 mm Hg/mi/mm in the sham-ARF group. In comparison,
there was a marked increase in RVR of 17.01 2.02 mm
Hg/mllmin in the NE-ARF kidneys (P < 0.001). In RAC-ARF,
RVR declined by 0.35 0.65 mm Hg/mi/mm which was less
than in sham-ARF (P < 0.05). The change in RVR in RAC-ARF
kidneys was distinctly different from that in the NE-ARF group
(P <0.001). Thus, reduction in RPP resulted in a paradoxical
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Fig. 2. Renal blood flow response to reduction in renal perfusion
pressure at one week. The slopes in ARF groups were greater than the
sham-ARF (-) group and that in NE-ARF (- -D- -) was greater than
that in the RAC-ARF (A- -) group.
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Fig. 3. Change in renovascular resistance with reduction in renal
perfusion pressure at one week. There was a paradoxical vasoconstric-
tion in the NE-ARF kidneys but a near absence of change in renovas-
cular resistance in the RAC-ARF kidneys. Symbols are: (•) sham-
ARF; (- -U- -) NE-ARF; (A- -) RAC-ARF.
increase in RVR in the NE-ARF kidneys, whereas there was a
negligible change in RVR over the same pressure range in the
RAC-ARF group.
The RBF responses to RNS are illustrated in Figure 4. There
was a markedly greater decline in RBF to sequential increases
in RNS frequency in NE-ARF compared to sham-ARF kidneys.
Mean slopes were 0.56 0.08 and 0.17 0.02 mllmin/Hz,
respectively (P < 0.01). There was a minimal decrease in RBF
to RNS in the RAC-ARF group with a mean slope 0.06 0.03
mi/mm- Hz. The slope in RAC—ARF kidneys was less than that
in either the NE- or sham-ARF groups (P <0.001 and P <0.01,
respectively).
RBF responses to infused vasoactive agents
Inulin clearances at one week in rats infused with increasing
doses of intrarenal norepinephrine were as follows: sham-ARF
1.176 0.154, NE-ARF 0.336 0.085 and RAC-ARF 0.404
0.126 mI/mm. While both mean values in ARF kidneys were
less than that in the sham-ARF group (P <0.001), they were not
90 100 110 120
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Fig. 5. Dose-response curves to intrarenal norepinephrine at one
week. While NE-ARF (- -U- -) kidneys required a greater dose for
initial vasoconstrictor response, maximal response dose was similar to
sham-ARF (G) controls. RAC-ARF (-A -) kidneys were distinctly less
sensitive to norepinephrine.
different from each other. Kidney weights were less in the
sham-ARF group at 1.29 0.24 g (P < 0.02) than in NE-ARF
or RAC-ARF which were similar at 2.37 0.30 and 2.44 0.42
g, respectively.
As in the rats used in the preceding experiments, baseline
RBF values were similar in all three groups: sham-ARF 8.50
0.50, NE-ARF 8.12 0.75 and RAC-ARF 8.60 0.96 ml/min.
The changes in RBF to norepinephrine infusion are shown in
Figure 5. Renal blood flow began to decline significantly at a
dose of 68 x i0 gIkgImin in sham-ARF (P < 0.01), but not
until a dose of 544 x l0 jsg/kg/min was given in NE-ARF (P
<0.001) and only minimally at a dose of 1088 x i0 gIkgI
min' in RAC-ARF kidneys (P < 0.05). Dose response curves
were significantly different among the three groups at P <
0.001. In particular, while norepinephrine sensitivity was less in
the NE-ARF than in the sham-ARF kidneys, it was greater than
that in RAC-ARF kidneys which had only a relatively small
vasoconstrictor response even when an additional dose incre-
ment was given.
In the three groups of rats infused with acetyicholine and
prostacyclin at one week the respective C1 values were 1.302
0.240 in sham-ARF, 0.350 0.125 in NE-ARF, and 0.341
0.060 ml/min in RAC-ARF. The latter two measurements were
similar but less than C1 in the sham-ARF group (P < 0.001). In
sham-ARF kidney weights were less at 1.36 0.25 g (P < 0.02)
than the NE-ARF or RAC-ARF kidney weights of 2.46 0.28
and 2.29 0.38 g, respectively.
Baseline RBF were not different prior to acetylcholine or
prostacyclin infusion in any of the three groups. The averaged
respective values in sham-, NE-, and RAC-ARF of 8.50 0.65,
8.35 0.35 and 8.03 0.78 mI/mm were similar. Dose-response
relationships to acetyicholine infusion are shown in Figure 6.
There was no change in RBF in either the NE- or RAC-ARF
group up to and including the maximal dose of 256 x lO
sg/kg/min, at which there was a 53% increase in RBF in
sham-ARF kidneys (P < 0.001).
The dose-response curves for prostacyclin infusion are
shown in Figure 7. NE-ARF responded similarly to sham-ARF
kidneys. Initial significant increases in RBF were found at a
dose of 0.8 x iO sg/kg/min in both groups and dose-response
curves were not significantly different. In contrast, an eightfold
greater dose of prostacyclin was required to produce a mini-
mally significant increase in RBF in the RAC-ARF kidneys (P <
0.02) and the overall response curve to the extended dose range
tested was markedly different from that in either sham- or
NE-ARF kidneys (P < 0.001).
Morphology
While there was considerable regional variation in the degree
of tubular injury in both models, the nature and overall severity
were nearly indistinguishable in the two ARF groups both at 48
hours and one week (Table 1). The only significant difference
was a greater number of tubular casts in RAC-ARF kidneys at
48 hours (P < 0.02).
In contrast, there were marked differences in the arteries and
arterioles at 48 hours. Comparisons of percent of sequentially
identified arterial profiles showing smooth muscle necrosis in
NE- and RAC-ARF kidneys are shown in Table 2. In the
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Fig. 6. Dose-response curves to EDRF-dependent acetyicholine. Nei-
ther NE- nor RAC-ARF demonstrated vasodilation. Symbols are: (.)
sham-ARF; (- -U- -) NE-ARF; (-A- -) RAC-ARF.
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Fig. 4. Renal blood flow responses to sequential increases infrequency
of renal nerve stimulation at one week. There was an increased
vasoconstrictor response in NE-ARF, but an attenuated response in
RAC-ARF kidneys. Symbols are: (G) sham-ARF; (- -U- -) NE-ARF;
(-A- -) RAC-ARF.
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Fig. 7. Dose-response curves to EDRF-independent prostacyclin. The
vasodilation pattern in NE-ARF (- -E- -) was similar to sham-ARF (.)
kidneys. There was a significantly diminished response in RAC-ARF
(-Ar -) kidneys.
NE-ARF group there was minimal smooth muscle necrosis in
most kidneys. Where present it was most extensive in the larger
arteries. In the RAC-ARF group nearly half of the arterial and
arteriolar profiles showed myonecrosis. The percent of large
and small interlobular arteries, and of arterioles showing myo-
necrosis was significantly greater than in NE-ARF kidneys.
Necrosis in RAC-ARF kidneys was more frequently complete
in the smaller vessels, while patchy and segmental necrosis was
more common in the arduates and large interlobular arteries
(Figs. 8 and 9). Fewer arterioles than interlobular arteries were
necrotic in the RAC-ARF rats, but since efferent as well as
afferent arterioles were counted, the percentage of necrotic
afferent arterioles may have been as high or higher than the
percentage of necrotic interlobular arteries. In both the NE- and
RAC-ARF animals, myonecrosis was most extensive in the
areas of most severe tubular injury. Necrotic vascular smooth
muscle stained intensely with PAS. Some of the necrotic
vessels were slightly dilated. Extravasated red blood cells were
occasionally seen in the walls.
Increased numbers of large, activated fibroblasts were seen at
48 hours in the adventitia of many of the necrotic arteries. At
one week, there was no longer appreciable smooth muscle
injury in either ARF group except for focal myofibrosis and
necrosis in extrarenal arteries. However, adventitial fibrosis
was frequently seen, most prominent in areas of severe tubular
injury. Despite the functional evidence indicating an absence of
EDRF activity, no specific endothelial changes were identified
by light or electron microscopy in either group at 48 hours or
one week (Fig. 9).
Discussion
These experiments demonstrated that, despite similar levels
of dysfunction and tubular injury, there were marked differ-
ences in vasoreactivity in models of ischemic ARF when the
methods of induction were different. The renal vasculature in
NE-ARF was characterized by a vasoconstrictor response to
RPP reduction in the autoregulatory range, an enhanced sensi-
tivity to RNS, an altered dose-related profile but a similar
maximal response to a vasoconstrictor agonist, no response to
an EDRF-dependent but a normal relaxation to an EDRF-
independent vasodilator when compared to sham-ARF control
rats. In contrast, the predominant features of RAC-ARF va-
soreactivity were an absence of change in renovascular resis-
tance to RPP reduction or RNS and minimal or complete loss of
response to an intrarenal vasoconstrictor and an EDRF-depen-
dent or -independent vasodilator. In addition to the functional
characteristics, there were distinct differences in the post-
induction vascular morphology. Smooth muscle necrosis was
found in nearly half of the arterial vessels in the RAC-ARF
kidneys. The vascular pathology at 48 hours and one week in
the RAC-ARF kidneys in this study was nearly identical to the
descriptions of Matthys et al [3] and Terry, Jones and Mueller
[17] in similar experimental preparations. In contrast, less than
10% of arterial vessels in the NE-ARF group showed signs of
necrosis. The differences were particularly striking in small
resistance size arterial vessels. Taken together, these functional
and morphologic results support the contention that in the
maintenance phase of ARF abnormal vascular reactivity is
primarily manifested by endothelial dysfunction in NE-ARF
and by defective smooth muscle cell activity in RAC-ARF.
It was hypothesized that the basis for the differences in
vasoreactivity was distinct patterns of RBF changes with in-
duction in each ARF model. Reduction in RBF, while more
sustained, was quantitatively less in NE-ARF than in RAC-
ARF. Renal blood flow continued at 15% of control throughout
induction. Interruption of RBF was shorter in RAC-ARF, but
during that time ischemia was more profound. It could be
argued that the differences in absolute severity of induction
ischemia determined if only endothelium or both endothelium
and smooth muscle would be injured. While parenchymal cells
may not represent a legitimate comparison with the vascula-
ture, Zager [181 has shown distinct differences in injury depend-
ing on magnitude of RBF reduction even when the same
technique of induction was used.
While it is possible that the differences in vessel injury in this
study were a function only of severity of ischemia, this is likely
an overly simplistic interpretation. It has been proposed that
the rate of recovery of RBF following ischemia may be equally
important or more critical in determining the extent of vascular
injury. Several studies have suggested that 02 metabolites are
formed during reperfusion of ischemic organs and contribute to
reperfusion injury [19—21]. In addition, Linas et a! [22] have
shown that reperfusion damages vascular endothelium, at least
in part, by a neutrophil-mediated oxidant mechanism. In the
present study, recovery of RBF after clamp release and cessa-
tion of norepinephrine infusion followed distinctly different
patterns. Renal blood returned to control levels within minutes
of clamp removal, but rose very slowly over hours in the
NE-ARF rats. It is possible that the delayed recovery in the
NE-ARF group attenuated the severity of reperfusion oxidant
injury. It is interesting to note that in experiments examining
oxidant effect in isolated pulmonary arterial vessels, there was
progression of injury from endothelium to smooth muscle as the
rate of hydrogen peroxide infusion was increased [23]. Apart
from oxidants it has been shown that another factor in reperfu-
sion injury to the vasculature may be shear stress from a sudden
increase in blood flow [8]. While mechanical injury could not be
completely excluded in the RAC-ARF group in this study, care
was taken to re-establish flow over several minutes by slow
relaxation of the clamp.
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Table 1. Tubular morphologic changes
Nucleated
Group and
animal no. Necrosis
Tubular
dilatation Regeneration Casts
Tubular
calification
cells in vasa
recta Mean
At 48 Hr.
NE-ARF
1 2+ 1+ 2+ 2+ 0 3+ 1.7
2 3+ 1+ 3+ 2+ 0 2+ 1.8
3 2+ 1+ 3+ 2+ 0+ 3+ 1.8
4 2+ 1+ 2+ 2+ 2+ 1+ 1.7
5 2+ 1+ 2+ 2+ 2+ 1+ 1.7
6 2+ 1+ 2+ 2+ 0 2+ 1.5
Mean SD 2.17 0.41 1.00 0.00 2.33 0.52 2.00 0.00 0.67 1.03 2.00 0.82 1.77 0.31
RAC-ARF
1 1+ 1+ 2+ 2+ 0+ 1+ 1.2
2 2+ 1+ 2+ 2+ 2+ 2+ 1.8
3 3+ 1+ 2+ 3+ 3+ 1+ 2.2
4 3+ 1+ 2+ 3+ 1+ 1+ 2.0
5 3+ 2+ 2+ 3+ 3+ 2+ 2.5
6 2+ 2+ 2+ 3+ 1+ 1+ 1.8
Mean SD 2.33 0.82 1.33 0.52 2.00 0.00 2.70 0.57 1.83 1.17 1.30 0.82 1.9 0.44
P value NS NS NS <0.02 NS NS NS
Group and Tubular Tubular
Interstitial
fibrosis and
animal no. Necrosis dilatation Casts calification inflammation Mean
One week
NE-ARF
1 1+ 2+ 1+ 0 0 2+ 1.0
2 1+ 2+ 2+ 1+ 2+ 2+ 1.7
3 1+ 2+ 1+ 1+ 0 1+ 1.0
4 1+ 2± 3+ 3+ 3+ 1+ 2.2
5 1+ 2+ 2+ 2+ 1+ 2+ 1.7
6 1+ 1+ 1+ 1+ 0+ 1+ 0.8
Mean SD 1.00 0.00 1.83 0.41 1.7 0.55 1.33 1.03 1.00 1.26 1.50 0.55 1.40 0.55
RAC-ARF
1 1+ 2+ 2+ 1+ 0 2+ 1.3
2 1+ 1+ 2+ 1+ 0 1+ 1.0
3 1+ 2+ 2+ 2+ 2+ 1+ 1.7
4 1+ 2+ 2+ 1+ 2+ 1+ 1.5
5 1+ 2+ 1+ 1+ 2+ 2+ 1.5
6 0 0 0 0 0 0 0.0
Mean SD 0.83 0.41 1.50 0.84 1.5 0.84 1.00 0.63 1.00 1.10 1.17 0.75 1.17 0.62
P value NS NS NS NS NS NS NS
Scores are semi-quantitative determinations of severity of respective morphologic changes (0 to 3+) based on blinded examination of three
sections (middle, upper and lower thirds) of each kidney. Mean score to the right is average of all morphologic parameters for each kidney. Mean
score at bottom of respective row is average of each individual or combined morphologic parameter(s) for each ARF group. P values represent
comparison of mean morphologic parameter scores between ARF groups at 48 hours and one week.
The present series of experiments was focused on the differ-
ences in RBF during ARF initiation. However, other factors
need to be considered that might account for the differences in
vascular reactivity observed. Norepinephrine may have had a
unique toxic endothelial effect apart from ischemia induction.
No direct toxic effects have been reported. On the other hand,
norepinephrine, like other physiologic vasoconstrictors, has
been shown to have mitogenic effects on vascular cells [24].
However, it is unlikely that this would be expressed sufficiently
or manifest as injury with a short-term infusion. An attempt was
made to develop a model of mechanical hypoperfusion that
simulated the RBF during NE-ARF induction. Unfortunately,
reduction of RBF to 15 percent of control for 90 minutes with a
ligature or clamp produced a pattern of segmental blood perfu-
sion to small zones with absent flow to the majority of the
kidney. This pattern was markedly different from the uniform
under-perfused appearance of the NE-infused kidney. Sec-
ondly, clamping may have injured renal nerves located within
the sheath of the renal artery. This possibility cannot be totally
excluded. However, the main nerve trunk originating from the
lesser splanchnic nerve was avoided and it was this nerve that
was stimulated. Moreover, decreased response to RNS was
only one of the manifestations of depressed vasoreactivity in
the RAC-ARF kidneys.
These experiments were generally in accord with the concept
that vascular injury in NE-ARF was primarily endothelial.
However, two observations were not entirely consistent with
this hypothesis and need to be addressed. First, no definitive
anatomic endothelial lesion was found either at 48 hours or one
week. Some morphologic evidence of injury would have been
gratifying. No satisfactory explanation can be given, however,
except that there are numerous examples of poor structure-
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Table 2. Percent of arterial vessels showing myonecrosis at 48 hours
Group ani
animal no.
Extra renal
N
Arcuate
N %
Large inter-
lobular
N %
Small inter-
—__lobular
N
Arterioles
N %
NE-ARF
1
2
3
4
5
6
Mean 50 (%)
0/3 0.0
1/6 16.7
0/9 0.0
0/6 0.0
8/9 88.8
1/11 9.1
19.1 34.8
0/16
2/16
0/21
2/10
14/15
1/13
22.2
0.0
12.5
0.0
20
93.3
7.7
35.6
0/35 0.0
5/37 13.5
0/51 0.0
0/29 0.0
28/44 63.6
0/33 0.0
12.8 25.4
0/24 0.0
7/45 15.6
0/34 0.0
0/27 0.0
10/37 27.0
0/32 0.0
11.6 7.1
0/32 0.0
1/66 1.5
0/30 0.0
0/29 0.0
2/31 6.0
0/37 0.0
1.3 2.6
RAC-ARF
1
2
3
4
5
6
Mean SD (%)
0/3 0.0
0/10 0.0
0/11 0.0
3/9 33.0
0/7 9.0
5/10 50.0
13.8 22.2
1/5
2/15
5/10
5/8
7/17
6/13
38.9
20
13.3
50.0
62.5
42.2
46.2
18.7
3/22 49
18/37 48.6
12/21 57.1
25/32 78.1
19/35 54.3
28/42 66.7
53.1 21.8
4/26 15
28/50 56.0
56/82 68.3
40/65 61.6
56/80 70.0
26/36 72,2
57.2 21.5
0/42 0.0
10/62 16.1
70/122 57,4
10/43 23.3
19/52 36.5
14/48 29.2
27.1 19.4
P value NS NS <0.02 <0.001 <0.01
Denominators are numbers of vessels examined; numerators are numbers of necrotic vessels. P values refer to comparisons between groups of
the percent of vessels with necrosis.
Fig. S. At 48 hours, necrotic vascular smooth muscle cells stain intensely with PAS and have lost iheir nuclei, a. Segmental myonecrosis in an
interlobular artery (IA) in a NE-ARF kidney. The remainder of the artery and a branching afferent arteriole (AA) are viable (167x). b. Widespread
myonecrosis of an interlobular artery (IA) and a branching afferent arteriole (AA) in a RAC-ARF kidney (125 x). c. Necrosis of only a few smooth
muscle cells (arrows) in a dilated arteriole in a NE-ARF kidney (500x). d. Necrosis of the entire muscle coat of an afferent arteriole (AA) in a
RAC-ARF kidney (500x). Supported by Marion Merrell Dow, Inc., Kansas City, MO, USA and G.D. Searle and Co., Chicago, IL, USA.
Fig. 9. Necrotic smooth muscle cells (N) in interlobular arteries of NE-ARF (a, c) and RAC-ARF (b, d) kidneys at 48 hours. These cells are
characterized by loss of nuclei and by aggregates of dense fibillar material (arrows) in a loose cytoplasmic matrix devoid of organelles. A few viable
smooth muscle cells (SM) remain. Endothelial cells (E) appear normal. Note the presence of immature fibroblasts (F) in the adventitia of a and b,
2000x; c, 1O,500x; d, 13,500x.
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function correlation in the pathologic assessment of post-
ischemjc renal injury. Secondly, it was anticipated that there
would be hypersensitivity to infused norepinephrine in light of
the enhanced sensitivity to RNS and the reported augmented
response to vasoconstrictors in post-ischemic coronary and
pulmonary vessels with endothelial injury [6, 7]. The reason for
the discrepancy is unknown; however, there are a number of
possibilities. First, there may have been partial desensitization
from induction with the same agent. Secondly, the smooth
muscle necrosis in the vessels, albeit minimal, may have
impaired response. Neither of these explanations is entirely
tenable, however, since there was an augmented vasoconstric-
tion to RNS which assumedly was mediated by the same alpha
adrenergic agonist. A more plausible explanation is that the
local concentration of neurotransmitter in the vicinity of vas-
cular smooth muscle was greater than that achieved with the
lower infusion doses of NE. A recent report from our labora-
tory indicates that there is increased local catecholamine re-
lease to RNS following renal ischemia [25].
The renal vasculature in RAC-ARF at one week, despite
showing marked attenuation of reactivity, did not demonstrate
the same smooth muscle necrosis that was observed at 48
hours. Regardless of the improved appearance at one week, it
was clear that some aspect of smooth muscle dysfunction
persisted. Whether this represented a receptor or intracellular
defect could not be answered by this study. The blunted
reactivity pattern in RAC-ARF was consistent with a vascular
injury of sufficient severity to preclude responses to either
vasoconstrictor or vasodilator stimuli. However, the absence of
reaction to vasoactive stimuli could not be equated to a lack of
residual vascular tone, since RVR at the baseline RPP of 120
mm Hg was no different from that in sham-ARF control or
NE-ARF kidneys. While it is uncertain how residual vascular
tone was maintained, recent experiments in our laboratory have
shown an increased basal smooth muscle cytosolic calcium in
afferent arterioles isolated from seven-day post-ischemic ARF
compared to control kidneys [26]. Thus, while severely injured
vascular smooth muscle may be incapable of responding to
extracellular stimuli, residual spontaneous tone could be the
consequence of damage to calcium storage and/or pumping
mechanisms which allow cytosolic calcium to remain suffi-
ciently elevated to maintain a constant level of phosphorylation
activity or, possibly, a decrease in phosphatase activity.
While the precise roles of ischemia versus reperfusion were
not answered, the major conclusion from this study appears to
be sound: post-ischemic ARF models with similar levels of
dysfunction and tubular pathology may have profoundly dif-
ferent vascular reactivity patterns to a variety of stimuli based
on the method of ARF induction, This observation may have
potential clinical relevance. It has long been accepted that
frequently there is a poor correlation between the apparent
severity of initiating ischemia and the subsequent course of
ARF. When ischemia is profound, as occurs with intra-opera-
tive renal artery clamping, the duration of kidney dysfunction
generally is not prolonged [27]. On the other hand, ARF that
occurs with systemic hypotension and, assumedly, less severe
initial ischemia may have a protracted course [28]. A feature of
prolonged ARF described by Solez, Morel-Maroger and Sraer
[29] and also observed by us in patients with hypotension-
related ARF [30] has been fresh tubular ischemic injury three to
four weeks after the onset of disease. These lesions could not be
explained by major antecedent hemodynamic events. In an
animal study from our laboratory, it was found that recurrent
azotemia and fresh ischemic lesions could be produced with
even small decrements in RPP at one week in NE-ARF [5]. The
evidence indicated that this latent injury was due to paradoxical
vasoconstrictor to RPP reduction. When one considers these
previous observations coupled with the findings in the present
study, it is interesting to speculate that the less severe and
abrupt change in RBF that occurs with hypotension producing
a predominant endothelial injury may, in fact, result in a more
prolonged course because of vasoconstriction and recurrent
ischemia with relatively minor episodes of hypotension as can
occur from a variety of causes including dialysis. In contrast,
more profound initial ischemia with rapid reperfusion may
induce a more severe vascular injury involving smooth muscle
cells as well as endothelium. Even though there may be loss of
RBF autoregulation, that is, no adjustments in renovascular
resistance with reductions in RPP due to injury to the effector
smooth muscle cells, there would not be a vasoconstrictor
response leading to recurrent ischemia and less risk of prolon-
gation of ARF. Obviously, experimental studies examining the
effect of transient RPP reduction on function and morphology in
established RAC-ARF and critical pathological assessment of
the renal vasculature of available biopsy and fresh autopsy
material from ARF patients would be needed to provide addi-
tional insight regarding the role of the renal vasculature in the
prolongation of post-ischemic acute renal failure.
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